This work describes a large-core air-clad photonic crystal fibre-based sensing structure that is sensitive to refractive index, temperature and strain. The sensing head is based on multimodal interference, and relies on a single mode -largecore air-clad photonic crystal fibre -single mode fibre configuration. Using two distinct large-core air-clad PCF geometries it is possible to obtain an optical spectrum with two dominant loss bands, at wavelengths that have different sensitivities to physical parameters. This characteristic is explored to demonstrate a sensing head that permits the straintemperature discrimination functionality. It is also shown the large-core air-clad photonic crystal fibre can be applied to implement a sensing head sensitive to the water refractive index changes induced by temperature variations.
INTRODUCTION
In the past few years, multimode interference in optical fibre structures has been studied towards the development of new optical devices [1] [2] . These fibre optic devices are usually based on a single mode -multimode -single mode fibre structure, and present unique spectral characteristics that make them suitable for optical communications and sensing [3, 4] . For example, Wang et al reported a configuration of this type where by applying a numerical beam propagation method it was determined an optimum value for the length of the multimode fibre section that turns feasible the fibre structure to operate as a refractometric sensor [5] . The development of air-silica microstructured fibres for single-mode operation have gained strong attention due to their novel waveguide properties that made them suitable for a large field of applications, ranging from non-linear effects to optical sensing [6] . Nowadays, research interests are being expanded into large-core air-clad photonic crystal fibres (PCFs) [7] due to their multimode propagation characteristics and their large potential for laser applications [8] . In this work, the experimental results of a large-core air-clad PCF-based sensing structure are presented. The proposed sensing device relies on two distinct in-line air-clad PCFs and is interrogated in transmission. The optical spectrum presents two resonant wavelength loss peaks that are sensitive to refractive index, temperature and strain. It is shown this configuration allows temperature and strain discrimination. Also, a refractometric sensor using this type of fibre is demonstrated.
EXPERIMENTAL RESULTS
Photonic crystal fibres are generally pure silica fibres where the refractive index contrast required to ensure guidance of light arises by the presence of air-holes, with a specific geometric size and arrangement, rather than by using doped glasses with different refractive indices. This is an important feature, especially for large-core PCFs that must have a small index step, which can be controlled only by the configuration of air-holes. The working basis of a large-core air-clad PCF section spliced between single-mode fibres relies on the multimode interference principle. When the light field propagating along the input SMF enters the air-clad PCF section, high-order modes are excited so interference between different modes occurs. Light is then coupled into the output SMF where the coupling efficiency, for a given length L of the air-clad PCF section, is wavelength-dependent. Also, the optical power coupled out to the SMF will depend on the amplitudes and relative phases of the various modes of the air-clad PCF at its output end. To demonstrate the proposed configuration, the sensing head structure shown in Figure 1a ) was implemented. It consists of two in-line sections of large-core air-clad PCFs, spliced between SMF-28 single-mode fibres and interrogated in transmission. In this simple approach, one used a broadband source in the 1550 nm spectral range with a bandwidth of 100 nm, and an optical spectrum analyzer as the interrogation unit. The detail of each PCF implemented in the experiment is shown in Figure 1b ). Figure 2a) ; the transmission spectrum of the proposed sensing structure, where the two air-clad PCF are in-line and spliced between SMF, is depicted in Figure 2b ). It can be observed that, in such configuration, the optical power transmitted presents two wavelength loss bands (centred at λ 1 and λ 2 ) -which, in principle, will be sensitive to different physical parameters, viz. refractive index, temperature and strain.
The response to temperature variations of the sensing head was characterized, as shown in temperature variation does not change the single mode -air-clad PCF launching conditions. Instead, the length variation of both air-clad PCFs (due to thermal expansion) and the air-clad PCF core refractive index variation (due to silica thermo-optic effect) only change the optical path length, causing the wavelength shift of each resonance peak. The sensing structure was also characterized in terms of strain. The input and output fibres were accordingly fixed at two points 2.5 m apart, and submitted to specific strain values by using a translation stage (via successive 100 μm-displacements). The results are made available in Figure 4 . Once again, the resonances have linear responses to strain variations, but with different sensitivities: (-3.55 ± 0.04) pm/µε and (-0.32 ± 0.01) pm/µε, for λ 1 and λ 2 , respectively. This result was somewhat expected since the response to strain of the proposed sensing structure is highly dependent on the cross-section area of each air-clad PCF. Due to that, the resonance loss peak, λ 2 , associated to the air-clad PCF 2 , presents almost no sensitivity to strain due to its large geometrical dimensions. Therefore, the proposed sensing structure can work out as a strain-temperature discrimination sensor. The relationship between wavelength shifts ∆λ 1 (air-clad PCF 1 ) and ∆λ 2 (air-clad PCF 2 ) induced by changes in temperature (∆T) and strain (∆ε), may be expressed in a matrix form so that the values for the measurands can be obtained from: 
When the sensing structure was placed in water and heated it was observed that the shift behaviour of the two loss bands (Figure 2b) was different, as shown in Figure 5 , in contrary to what happened when the sensing head was heated in air ( Figure 3 ). In view of the dimensions of the air-clad PCF 2 , the water infiltrates along the air holes changing the refractive index of this region that behaves as the cladding of the fibre and, therefore, the effective index of the modes guided in the core. This does not happen with air-clad PCF 1 because the air holes in the splice zone are obstructed. Consequently, the different behaviour can be connected with the presence of water in the holes and with the circumstance the temperature induced refractive index variation of water is orders of magnitude higher that of air.
This result opened the possibility to use the sensing head of Figure 1a ) as a refractometer, in the present case to detect the temperature induced water refractive index variations. The air-clad PCF 1 section was used as the temperaturecompensation element. The second section (air-clad PCF 2 ) was sensitive to both physical parameters (temperature and refractive index of the surrounding medium). Therefore, in the wavelength shift of the loss band associated with the airclad PCF 2 one can remove the temperature component. In first order, the temperature influence comes only from the temperature-induced change of the liquid refractive index, the thermo-optic coefficient of distilled water being ∼1×10 [9] . Figure 5b ) presents the wavelength shift dependence with refractive index of water obtained from Figure 5a ) after removing the direct temperature effect and using the calibration factor that is the slope of the linear dependence water refractive index variation versus temperature (inset of Figure 5b ). The results shown in Figure 5 ) indicate a high sensitivity of this sensing head to refractive index variations of water, even considering no optimization was attempted -for temperatures below 20ºC the sensitivity was ∼230nm/RIU and in the most linear region, a sensitivity of 800 nm/RIU was attained. This feature, together with the temperature compensation property, indicates the high potential of this optical fibre sensing structure to be used as a temperature compensated refractometer. In view of this further studies are going one to address issues such as the identification of the origins of the non-linearity observable in Figure 5b ), the response time of the sensor (associated with the diffusion velocity of the liquids into the PCF 2 holes, as well as with the time constant to reach the liquid homogeneity equilibrium inside the holes), and the development of sensing head interrogation techniques not based on the use of the OSA.
CONCLUSIONS
A large-core air-clad PCF-based sensing structure relying on multimode interference was presented in this communication. The proposed sensing device is based on two distinct in-line air-clad PCFs and interrogated in transmission. The optical spectrum presents two narrow spectral loss bands -which shift with similar sensitivities to temperature but different sensitivities to strain. This feature allowed discriminating both physical parameters. Also, it was identified this sensing head can work as a temperature compensated refractometer. 
